Identification of a mutation in the para sodium channel gene of the cattle tick Rhipicephalus (Boophilus) microplus associated with resistance to synthetic pyrethroid acaricides This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. Resistance against synthetic pyrethroid (SP) products for the control of cattle 20 ticks in Australia was detected in the field in 1984, within a very short time of 21 commercial introduction. We have identified a mutation in the domain II S4-5 linker 22 of the para-sodium channel that is associated with resistance to SPs in the cattle tick 23
Resistance against synthetic pyrethroid (SP) products for the control of cattle 20 ticks in Australia was detected in the field in 1984, within a very short time of 21 commercial introduction. We have identified a mutation in the domain II S4-5 linker 22 of the para-sodium channel that is associated with resistance to SPs in the cattle tick 23
Rhipicephalus (Boophilus) microplus from Australia. The cytosine to adenine 24 mutation at position 190 in the R. microplus sequence AF134216, results in an amino 25 acid substitution from leucine in the susceptible strain to isoleucine in the resistant 26 strain. A similar mutation has been shown to confer SP resistance in the whitefly, 27
Bemisia tabaci, but has not been described previously in ticks. A diagnostic 28 quantitative PCR assay has been developed using allele-specific Taqman® minor 29 groove-binding (MGB) probes. Using the assay to screen field and laboratory 30 populations of ticks showed that homozygote allelic frequencies correlated highly 31 with the survival percentage at the discriminating concentration of cypermethrin. In one strain (Marmor) the resistance ratios were 3, 9.5 and 6 for flumethrin, 48 cyhalothrin and cypermethrin, respectively, and were due to increased detoxification. 49
However, some cases of field resistance were associated with much higher resistance 50 ratios and there was no evidence of increased detoxification. For example, the 51
Parkhurst strain was associated with resistance ratios of 114 against cypermethrin, 52 130 against cyhalothrin, 152 against deltamethrin and 446 against flumethrin. A 53 second mechanism conferring SP resistance, independent of increased detoxification, 54 seemed likely (Nolan et al., 1989) . 55
In the USA, Miller and co-workers demonstrated a similarly diverse pattern of 56 resistance to SP products in Mexican ticks (Miller et al., 1999) . They showed that 57 resistance ratios were consistently greater than 1,000 for the Corrales and San Felipe 58 strains, in which there was no evidence of increased detoxification mechanisms. In 59 contrast, detoxification was evident in the Coatzacoalcos strain, which had a 60 triphenylphosphate and piperonyl butoxide, respectively (Miller et al., 1999) Various bioassay techniques have been developed for detecting acaricide 82 resistance in ticks, however the most definitive method for many acaricides has been 83 the larval packet technique (LPT) (Stone and Haydock, 1962) . This method has been 84 adopted by the Food and Agriculture Organization of the United Nations (FAO) as the 85 the LPT, live larvae are exposed to filter paper packets impregnated with acaricide, 87 incubated for acaricide-specific time periods and then larval mortality is assessed. The 88 LPT can be used to detect resistance to organochlorines, organophosphates, synthetic 89 pyrethroids, amidines and macrocyclic lactones, and can be used for single and multi-90 host ticks. It is a repeatable test that performs better than the widely used adult 91 
Field isolates of ticks for validation of assay 134
producers throughout Australia, using the LPT (Stone and Haydock, 1962) . Larvae 136 remaining after diagnostic testing are stored frozen at -20º C to use for research on the 137 development of molecular diagnostic tests and for population genetic studies. The 138 database of results from diagnostic samples submitted to the DPI&F for acaricide 139 resistance using the LPT were examined to identify field populations with a range in 140 survivorship when exposed to cypermethrin. Diagnostic submissions were identified 141 for which survivorship at the discriminating dose of cypermethrin (0.3% w/v) was 142 0%, 28%, 53% and 75% and from which sufficient frozen, stored larvae were 143 available. Cypermethrin is used routinely in the LPT bioassay because all ticks 144 resistant to cypermethrin are expected to be resistant to all SPs (Nolan et al., 1989). On the basis of this mutation, a dual probe quantitative PCR assay was 230 developed using FAM and VIC labelled probes (Table 1 ). The assay is sensitive 231 enough to detect the alleles in DNA extracted from single tick larvae. Homozygous 232 susceptible ticks (from the NFRS population) produced strong fluorescence in the 233 fluorescence in the VIC channel and occasionally produced a weak false signal in the 235 FAM (susceptible) channel. This false signal was partly overcome by the introduction 236 of DMSO (4%) into the reaction mix and by adopting three-step temperature assay 237 conditions (adding an annealing step of 58°C). During screening, any heterozygotes 238 identified with weak amplification of the susceptible allele (FAM channel) were 239 confirmed using an allele-specific conventional PCR assay. 240
The distribution of susceptible and resistant alleles in Parkhurst and field 241 collected populations of ticks with varying pyrethroid resistance (based on LPT) are 242 shown in Table 3 . Both alleles were detected in all populations with the frequency of 243 the resistant allele (R) ranging from 0.03 to 0.97. The presence of the resistant allele 244 was strongly correlated with the reduced mortality observed in the bioassays with 245 cypermethrin. Only the fully susceptible population (0%) was found to be in HWE; 246 the remaining field populations displayed either heterozygote excess or deficiency 247 (Table 3) (Williamson et al., 1996) . 264
Given the absence of a kdr mutation in cattle ticks to date, the use of the terminology 265 kdr and super kdr does not seem to be appropriate. 266
The C-A mutation at position 190 was identified first in ticks of the cultured 267
Parkhurst strain of R. microplus with high resistance to SPs. Ninety-seven percent of 268 the ticks genotyped from that population were homozygous for the mutation. In 269 contrast, 94% of the ticks from the susceptible field population were homozygous for 270 the wild-type allele, with 6% heterozygotes. The hypothesis that the mutation is 271 associated with resistance was supported by the close correlation (R 2 = 98%) between 272 homozygote frequency and survival in the bioassay, using three field populations with 273 intermediate acaricide resistance status. The results suggest that the mutation is a 274 major mechanism for pyrethroid resistance in these field populations. Similarly, the 275 inconsistent association between heterozygotes and survival suggests that the trait is 276 recessive. Controlled mating studies would be required to substantiate this possibility, 277 however. 278
The observed shift from an excess of heterozygotes in populations displaying 279 low level resistance (28-53%) to synthetic pyrethroids, to a deficit of heterozygotes in 280 populations displaying a high level of resistance (75-100%), suggests that allele 281 frequencies in tick populations exposed to SPs are strongly driven by selection. 282 probe fluorophores (FAM or VIC), single larvae can be screened for both alleles in 285 one multiplexed reaction. Together with assays for detoxification mechanisms that 286 likely exist in the field, the quantitative PCR assay will enable researchers to confirm 287 the role of the mutation in the expression of resistance in the field. The assay will also 288 enable the rapid confirmation of suspected resistance to synthetic pyrethroid 289 acaricides in samples of ticks collected from the field. Because of the potential role of 290 detoxification mechanisms and other mutations, the molecular assay should be used in 291 conjunction with, rather than as a replacement for, the existing LPT bioassay. 
